Abstract The unsteady¯ow and heat transfer of a viscous incompressible electrically conducting¯uid in the forward stagnation point region of a rotating sphere in the presence of a magnetic ®eld are investigated in this study. The unsteadiness in the¯ow ®eld is caused by the velocity at the edge of the boundary layer and the angular velocity of the rotating sphere, both varying continuously with time. The system of ordinary differential equations governing the¯ow is solved numerically. For some particular cases, an analytical solution is also obtained. It is found that the surface shear stresses in x-and y-directions and the surface heat transfer increase with the acceleration, the magnetic and the rotation parameters whether the magnetic ®eld is ®xed relative to the¯uid or body, except that the surface shear stress in x-direction and the surface heat transfer decrease with increasing the magnetic parameter when the magnetic ®eld is ®xed relative to the body. For a certain value of the acceleration parameter, the surface shear stress in the x-direction vanishes while the surface shear stress in the y-direction and the surface heat transfer remain ®nite. Also, below a certain value of the acceleration parameter, reverse¯ow occurs in the x-component of the velocity pro®le.
Introduction
The¯ow and heat transfer characteristics of spinning bodies of revolution in a forced¯ow stream are important in a variety of applications in engineering such as re-entry of missiles, projectile motion, ®bre coating, and rotating machinery design. Reviews on this topic were written by Dor®man [1] and Kraith [2] . The¯ow and heat transfer on a rotating sphere in a uniform¯ow stream with its axis of rotation parallel to the free stream velocity have been studied by a number of investigators [3±8] . The above studies deal with the steady¯ows. The analogous unsteady problem was considered by Kumari and Nath [9] with the time-dependent free stream velocity. Ece [10] on the other hand studied the unsteady¯ow past an impulsively started translating and spinning sphere.
It may be remarked that most exact solutions in¯uid mechanics and MHD are similarity solutions in the sense that the number of independent variables is reduced by one or more. These similarity solutions are derived i) by dimensional arguments, ii) by the group-theoretic method and iii) by the adhoc method of the free parameters. Among these methods the group-theoretic method which includes dimensional analysis as a special case, is the most systematic in generating similarity solutions. These methods are extensively described in references [11±16].
Here we have studied the unsteady¯ow and heat transfer of a viscous electrically conducting¯uid in the forward stagnation-point region of a rotating sphere in the presence of a magnetic ®eld applied in the direction normal to the surface. Two cases have been considered, namely (a) when the magnetic ®eld is ®xed relative to thē uid and (b) when it is ®xed relative to the body. The unsteadiness in the¯ow and the temperature ®elds is induced by the velocity at the edge of the boundary layer and by the angular velocity of the sphere, which vary continuously with time. It is found that a self-similar solution exists if the velocity at the edge of the boundary layer varies directly as the distance x and inversely as the time t and also the angular velocity of the sphere varies inversely as the time t. The system of ordinary differential equations governing the¯ow and temperature ®elds is solved numerically using a shooting method. Some analytical solutions are also obtained. Particular cases of the present results are compared with these of Lee et al. [7] and Sparrow et al. [17] . It may be remarked that in recent years the study of the interaction of electromagnetic ®elds with¯uids has become important due to the possibility of applications in areas like nuclear fusion, chemical engineering, medicine and high speed noiseless printing.
Problem formulation
We consider the unsteady motion of a viscous, incompressible electrically conducting¯uid in the forward stagnation-point region of a rotating sphere. The unsteadiness in the¯ow ®eld is caused by the velocity at the edge of the boundary layer (u e AxatY A b 0Y x b 0Y x b 0Y t b 0) and the angular velocity of the sphere X CatY C b 0Y t b 0Y both varying inversely as time t. Fig. 1 shows the orthogonal curvilinear co-ordinate system in which x measures the distance along a meridian from the forward stagnation point, y represents the distance in the direction of rotation and z is the distance normal to the surface, uY v and w are the components of velocity in x-, y-, and z-directions, respectively. It is assumed that the¯ow is axisymmetric. Hence the velocity components (uY tY w, temperature T and static pressure (p) are independent of yY rx is the distance of a point on the body from the axis of rotation and it is equal to x in the vicinity of the stagnation point. A uniform magnetic ®eld of strength B is applied to the boundary layer in the z-direction, which is ®xed relative to either the¯uid or the body. It is assumed that the magnetic Reynolds number R m l 0 rVL ( 1, where l 0 is the magnetic permeability, r is the electrical conductivity, and V and L are respectively, the characteristic velocity and length. Under this condition, it is possible to neglect the effect of the induced magnetic ®eld. It is also assumed that there is no applied polarization voltage which implies that the electric ®eld E 0. Hence the electrical term is not included in the relevant equations. This corresponds to the case where no energy is added to or extracted from thē uid by electrical means. The electrical current¯owing in the¯uid will give rise to an induced magnetic ®eld which would exist if the¯uid were an electrical insulator. Here we have taken the¯uid as electrically conducting. When the magnetic ®eld is ®xed relative to the body only the¯uid within the boundary layer is electrically conducting. The viscous dissipation terms, ohmic heating and surface curvature are neglected in the vicinity of the stagnation point. The wall and free stream temperatures are taken as constant. Under the above assumptions, the boundary layer equations governing the unsteady¯ow in the front stagnation point region of a rotating sphere in the presence of a magnetic ®eld can be expressed as The initial conditions (i.e. at t = 0) are given by; uxY zY 0 u i xY zY txY zY 0 t i xY zY wxY zY 0 w i xY zY TxY zY 0 T i xY zX 5 and the boundary conditions are given by
Here q and m are, respectively¯uid density and kinematics viscosity; b is a dimensionless constant and b = 1 or zero according to whether the magnetic ®eld B is ®xed relative to the¯uid or body; a is the thermal diffusivity; X is the angular velocity of the rotating sphere; and the subscripts eY iY w and I denote condition at the edge of the boundary layer, initial condition, condition at the surface and free stream condition, respectively. Equations (1)±(4) are a system of partial differential equations with three independent variables xY z and t. It is shown that these partial differential equations can be reduced to a system of ordinary differential equations if we take the velocity at the edge of the boundary layer u e to be varying directly as the distance x and inversely as time t and the angular velocity of the sphere to the varying inversely as time t. Consequently, we apply the following transformations
